Abstract -The purpose of this paper is to provide a review of recent developments in Flapping-wing Micro Air Vehicles (FMAV) in Asia in past few years. The paper discusses recent Asian research in the development of FMAV and summarizes two major strands of research divided by insect-like FMAVs and bird-like FMAVs. Also the paper summarizes the developing status of FMAV and proposes the future research focus, development trends and application prospects.
I. INTRODUCTION
Micro Air Vehicle (MAV) is one of the academic research focuses, and currently in the stage of rapid development, especially for flapping-wing MAV. Currently the overviews on MAV, especially on the FMAV in Asia, are relatively few. In [1, 2] , the articles focused on the Fixed-wing MAV which has made some achievements, and are a simple generalization of MAV. This paper is the overview of flapping-wing aircraft and the latest technological development in Asia.
MAV is a new type of aircraft developed in the 1990s, according to the request of Defense Advanced Research Projects Agency DARPA and it is characterized (Tab.1): The size is 15cm below, the weight is from 10g to 100g, the stagnant time is 20 to 60min, the cruising speed is 30 to 60km/h, the payload is 1 to 18g, flight distance is 1 to 10km, and it can fly autonomously [3] . In 2008, DAPRA proposed the Nano Air Vehicle (NAV) program [4] of which the objectives are to develop a smaller (less than 7.5 cm wingspan); ultra-lightweight (weighing less than 10 grams) air vehicle system. More importantly, the air vehicle systems can withstand 2.5 meters per second wind gusts, hover and even deliver a two-gram payload inside a building. 
A. Bird-like FMAVs
Bird-like FMAVs mainly use micro-motors to drive fourbar linkages to achieve the flapping wing movement with the electrical power supplies, like commercial polymer lithium batteries attached on. The scale of Bird-like FMAV is roughly 15cm or larger.
Nanjing University of Aeronautics and Astronautics, China have studied FMAVs since 1998 (Fig.1) [5] . Recent years they succeeded in FMAV with a scale from 15cm to 43cm and a weight from 100g to 350g. The fight of their FMAV in 2002 was the first one in China. Northwestern Polytechnic University, China [6] [7] (Fig.2 ) successfully developed a FMAV with a four-bar linkage driven by an electric motor. The wing surface was formed by covering the skeleton with thin plastic film. This FMAV was a mass of 15g, a wingspan of 200mm, flapping wing frequency of 15 to 20Hz and could fly for about 2 min; the prototype with a 600mm wingspan could fly for 10min. In order to eliminate the incomplete symmetry of the wings movement, they proposed an optimization design using Hooke-Jeeves method to get an efficient and energy-saving driving mechanism. Tamkang University, Taiwan [8] (Fig.3) successfully designed a MAV which had wingspan of 28cm. With the lithium battery, it had a total weight less than 11g, a total flight time of 10s and can perform a free flight with a range of 10-15 m. They were the first group in Asia to use the PVDF sensor to obtain the lift contributions. In this way, a new design methodology was found to adjust the aerodynamics performance of FMAV by optimizing the phase lag. Chung Hua University, Taiwan [9] (Fig.4 ) developed a MAV that were 8g gross weight, the 15cm wingspan, 5cm chord length and the 25.58Hz flapping frequency of wing with planar membrane as shape airfoil. The total flapping angle was 73 degrees and the actual flight distance was approximately 8m. Based on numerical analysis, they adjusted the angle of attack seeking better flight condition. After the actual test flight, they also discovered the smaller transmission system vibration and the horizontal tail are quite beneficial for stability of the FMAV flight. Fukuoka Institute of Technology, Japan and University of Cambridge, UK [10] succeeded in the development of an insect-size clapping wing MAV (Fig.5 a) . The span and the weight were 10cm and 2.3g, which are close to those of the hawkmoth, and amongst the smallest and the lightest ever built. Flapping frequency was 35 Hz and stroke amplitude was 100 degrees. This FMAV is the first one that can hover in Asia. Hao Liu in Chiba University, Japan [11] (Fig.5 b) also aimed at developing a hawkmoth-inspired FMAV with a maximal dimension of 15 cm, less than 5 gram weight and nominal flight speeds of around 10 m/s. The reason that this kind of FMAVs with X-wing is capability of hovering is that they take advantage of the clap and fling mechanism to the greatest extent. 
B. Insect-like FMAVs
Smaller insects fly in an unsteady regime in which the wingtip speed is faster than the flight speed, in response to the scaling laws derived from regression analysis of birds and insects, which means that DC motor is not suitable for insectlike FMAVs. So FMAVs at insect-scales face more difficulties than ones at bird-scales and there are many challenges remaining before free-flying robot flies.
Konkuk University, Korea [12] firstly implemented a unimorph piezoceramic actuator LIPCA (Lightweight PiezoComposite Actuator) into the FMAV; of which wing rotation mimic the flapping motion of insects in Asia. As both wing corrugation and wing clap-fling are complete biomimetic designs, they find a remarkable increase in the lift. They combined a Scotch yoke and a linkage mechanism to develop a novel FMAV that matches the size of a 10 g beetle with a 12.5cm wing span, after filming the free flight of a beetle [13] . The performance tests showed that the flapper worked well and produced an average positive vertical force of about 2g. However, the flapping frequency and wing rotation of the flapper need be improved to achieve a higher force for free flight. (Fig.6 ) Fig.6 FMAVs of Konkuk University, Korea Shanghai Jiao Tong University has researched an electromagnetic MEMS Flapping-wing micro air vehicle at insect scale (Fig.7 a) . This is an electromagnetic MEMS Flapping-wing micro air vehicle with the thorax, tergum and vein, which is fabricated by a new LIGA-like process based on SU-8 photoresist technology. And the FMAV has a 3.5cm wingspan and 144 mg weight integrated prototype. In order to know the flapping performance of the MAV, they have finished the flapping test for the prototype. Finally, the prototype has a flapping resonance frequency range of 120-150 Hz and a flapping angle of 27° has been measured by catching the position of two wing tips simultaneously. Actually, the test result of the FMAV also demonstrates the feasibility solution in the development of FMAV based on MEMS [14] .
To develop a light biomimetic flapping-wing micro air vehicle, Shanghai Jiao Tong University also tried to make a flexible insect-like FMAV by MEMS technology. In 2010, they have presented a device that the thorax, structure and wings are fabricated with different materials such as SU-8 photoresist and Polyimide by MEMS technology. And a bimorph piezoelectric is used as actuator to drive the device to flap (Fig.7 b) [15, 16] . But regretful is that the device cannot receive enough force from the bimorph piezoelectric actuator. Finally, the insect-like device did not achieve the successful flapping. So they have tried to fabricate another bimorph piezoelectric actuator with good performance, and integrate it into the device. However, it is also a good try to fabricate a flexible FMAV. 
III. COMMENT ON ALL KINDS OF FLAPPING-WING MAV IN ASIA
Most Asian researchers are working on the bird-like FMAV. As FMAVs we discuss above, the successfully FMAV is the bird-like FAMV with X-wing. This kind of vehicles has performed excellent fight performance, such as the autonomous flight with loads, hovering and so on. The wings utilize the clap and fling mechanism to generate more lift than those with only two wings and the steering mechanism imitates bird's empennage. Birds can control flying by shrinking or stretching feathers, but insects rarely actively control the area. For insect-like FMAVs, it is difficult to generate sufficient aerodynamic force only through the simple upper and lower flapping-wing, so a complex wing movements and high-frequency flap should be involved. Since the control technology of FMAVs is still on the initial stage, it is necessary to implant a miniature camera, GPS and other sensors in FMAV with X-like wings to apply the actual tasks. Motor-driven approach has now achieved a short-haul autonomous flight with loads. Though novel actuator, like piezo-ceramic, show some advantages, DC motor is hard to beat. In the transmission, some use the flexible hinge, and some use transmission with four-bar linkage. The former is suitable for small wingspan size close to insect, and the latter is suitable for big wingspan. Hybrid insect are controlled directly by the chip, and flapping institution is the organism itself, which is a great potential direction, but faces more challenges not just about technologies problems.
IV. CONCLUSION
The unique advantages of FMAV make it the most promising research direction in the development of MAV. It is rooted in the new concepts, new principles, new technologies, new structures and new materials basis, which is a revolution in the field of MAV. The objectives are still light weight, high efficiency, high load, long endurance, low cost and so on. In order to achieve this goal, researchers have done a long-term and unremitting research work in materials, structure, energy and other aspects and gotten a lot of outstanding results. And this paper summarizes the current study status of Flappingwing MAV in Asia. A variety of different types of FMAVs in Asia are first described. The FMAV is an interdisciplinary, multi-field research, involving aerodynamics, structural mechanics, bionics, micro-mechanics, micro-actuators, microsensors, micro-controllers, micro-energy and many other researches.
The majority of present FMAV is bird-like and insectlike. Large scale (about 15 cm) or larger aircraft has been able to take the load autonomous flight for a long time, while the small-scale, especially near the insect size, cannot reach autonomous flight, and few Asian universities and institutes are focusing on this kind. In the future work, it is necessary to directly study from the insects, and emulate insect as much as possible in the mechanism, structure, material and so on. Four wings, the new driven structure, semi-robots, new materials, new energy, light airborne devices and other researches are all the future research direction, and there have been many research institutions begin to work in these aspects.
FMAVs' research and development not only resolve its own problems, but also play a positive role in promoting developments in the field of its related technologies. Once FMAV achieves practical standards, its economic and social role will become increasingly apparent. As the micro flappingwing aircraft itself has a certain risk, therefore its market application also needs a process. There is a great distance away from the practical stage. Hence further efforts should be devoted to the implementation of FMAV.
